Review of current state
In reflux and vent condensers a liquid film of condensate flows downwards and counter-current to a rising flow of vapour. High vapour velocities cause waves to form on the surface of the liquid film at the bottom of the tubes, see Fig. 1a . Increasing the vapour velocity or the rate of cooling will create the onset of flooding. Some of the waves will be carried upwards and beyond the upper point where the condensate film starts to form. Simultaneously, some of the liquid film will still exit from the bottom of the tubes, see With a further increase on the vapour velocity, reportedly around three times the flooding velocity [1] , the liquid flow will completely reverse forming a climbing film (see Fig. 1c ). Increasing further the vapour velocity the condensate film will be flushed out from the top of the tube. This is accompanied with a sudden fall in the pressure drop. Immediately afterwards, the condensate film begins to form again. If there is no change in the vapour velocity, a dynamic cycle will be established where the liquid phase is pushed out by the vapour as soon as enough condensate is formed. During the climbing-film regime, if the vapour velocity is reduced until some of the liquid starts falling down again, the "flow reversal" velocity is reached. This velocity has been observed to be lower than the vapour velocity required to pass from the gravity-flow to the climbing-film regime. Analogously, it takes lower vapour velocities than the flooding velocity to go from the flooding to the gravity-flow regime [2] .
The main disadvantage of reflux and vent condensers is the limited flooding velocity allowed for a given tube diameter and heat-transfer area. Although a fair amount of research exists on the topic [3] [4] [5] [6] , it is still uncertain how exactly flooding works. It is widely accepted that flooding occurs under two mechanisms: wave transport and droplet entrainment.
Wave transport
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The description of flooding above, where the condensate waves at the bottom of the tube are transported upwards by the effect of the shear force is called the wave transport mechanism (see Fig. 1 ).
In tubes with small diameter, the falling waves throttle the vapour flow, promoting a Bernoulli affect: the cross-section decrement causes a pressure drop downstream of the vapour flow that sucks liquid droplets against gravity. If the amplitude of the waves is large enough, they fully block the vapour flow, instigating the formation of a condensate column that will sit on top of the vapour, as observed by [7] (see Fig. 2 ). Again, an increase on the vapour velocity will expel all the condensate off the tube.
The determination of the critical tube diameter is subject to controversy. Experimental trends [4, 8] suggest that tubes with a diameter smaller than 50 mm will flood under this mechanism, whereas theoretical investigations [9] suggest that wave transport will only occur for values of a dimensionless film ratio d * smaller than 40. The dimensionless film ratio is the square root of the Bond number, defined as the ratio of the tube internal diameter (i.d.) D in to an effective wave-blockage diameter D eff , which in turn is defined as the ratio of the surface tension of the liquid to the gravity forces as follows:
where g c is the gravitational constant necessary when using English units and is equal to 1 in SI units.
Alternatively, [10] proposes a critical diameter D crit above which the flooding velocity is independent of the tube diameter, i.e. flooding occurs as droplet entrainment. The expression for the critical diameter is:
where 25.4 is a factor required for consistency of units, σ is in N/m and 80 (dyne/cm in) is a special constant, numerically close to the maximum surface tension for water at typical condensation conditions. This means that D crit will always be below 1 inch (0.0254 m) for steam/air mixtures. However this conclusion should be used with caution since experimental investigations [11, 12] report wave transport flooding in tubes with a diameter far larger than the predictions of Eq. (2).
To predict the flooding velocity the Hewitt-Wallis equation is the most popular one: 
where i = l, g represent the liquid and the gas phases respectively.
A more convenient form of Eq. (3) is obtained by solving the last two equations for the flooding velocity υ g crit as follows:
For tubes with sharp-edged inlet and other configurations for minimised end effects, the following Wallis-type correlation was proposed by [13] :
where F 1 and F 3 are dimensionless constants depending on the inclination and configuration of the tubes and F 4 depends on the tube inclination only and must be determined empirically. The dimensionless group Z F is a combination of the liquid physical properties and is defined as:
Eq. (6) was correlated to flooding data using a variety of alcohols and inert gases in a 60° inclined tube of 0.030 m diameter with a 7° tapered inlet. Various values for the empirical constants are reported in [13] .
Droplet entrainment
Entrainment of liquid droplets occurs when the vapour flow is large enough to tear droplets from the condensate film and carry them as entrainment beyond the top of the tube. The analogue correlation to Eq. (3) for this mechanism was proposed by [14] , based on the Kutateladze number:
where the Kutateladze numbers Ku i are defined as:
where i = l, g represent the liquid and the gas phases respectively. Pushkina and Sorokin [14] fit their experimental data using the values F 5 = 0 and F 6 = 1.79, suggesting that the flooding point is independent of the liquid mass flux. The latter is generally accepted and reflects well numerical results by [8] . Hence, solving the last three equations for the flooding velocity υ g crit and F 5 = 0 the following expression is obtained:
Flooding correlations for vertical condensation
The equations presented so far for the prediction of the flooding velocity have a theoretical basis, taking into account fluid mechanics only. Flooding data from reflux condensation are scarce and often assumed to adjust to experimental correlations.
It is generally accepted that the governing mechanisms of flooding are wave transport in tubes with small diameters and droplet entrainment in tubes with larger diameter, although controversy exists in what "large" and "small" mean. Moreover, many works [8, 15] report droplet-entrainment flooding occurring in tubes with small diameters. This is due to the use of certain exit conditions that prematurely form waves at the vapour inlet, even when the film and vapour velocities are lower than those normally required to observe flooding. Hence, the vapour velocity will not be large enough to transport the waves upwards, but enough to tear droplets and carry them as entrainment out of the tube.
One condition that triggers this exception is the abundant condensation of vapour due to large temperature differentials, especially at the top of the tube, perturbing the surface of the film even at low vapour velocities. Vapour turbulence can also be a cause for these disturbances. Hence, for the design of reflux condensers it is questionable whether to rely on the tube diameter criteria or a given equation to 6 predict the flooding velocity. Experimental data become essential to understand flooding in condensation conditions.
Most of the flooding data available in the literature were obtained from isothermal systems, i.e. air/water counter-current flow with no interaction but the shear stress at the two-phase interface. Also the gas and liquid velocities are manipulated independently and the liquid film thickness remains constant. A full description of these experiments can be found in the work of Hewitt [2] . Conversely, flooding during condensation is considerably more complicated. The vapour and liquid flows are intimately interrelated.
The condensing duty is used to manipulate the film velocity, which increases at the condensing vapour's expense. Also the temperature varies along the effective condensing length, which in turn is set by the temperature differential at the top of the condenser.
The following correlations consider both mechanisms to predict the flooding velocity. Previous investigations [3, 4, 9, 10] relate the flooding velocity to the physical properties of the fluids as follows:
1) The flooding velocity increases as the density and superficial tension of the film increase, and 2) decreases as the gas density and the liquid viscosity increase. Also, 3) the flooding velocity increases with an increment of the tube diameter and 4) decreases with an increment of the condensation fraction, that is, the ratio of the condensate flow to the gas flow.
The most common correlations to predict the flooding velocity in reflux condensation are: 1) Alekseev et al. [16] Palen and Yang [11] propose another useful equation. Discrepancies among flooding velocities predictions might be due to the mechanism upon which each correlation is based. Wave transport mechanism is highly dependent on tube diameter. Droplet entrainment only depends on surface tension.
Thus, they proposed an asymptotic expression accounting for both mechanisms simultaneously, and is as follows: This curve fit needs to determine experimentally two parameters, F 10 and F 11 .
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On a final note, ESDU [16] recommends multiplying the flooding velocity calculated with either equation by a factor of 0.7 or less to accommodate for data scatter and multiple tube effects, when applicable.
The experimental system
A simplified P&ID of the experimental facility is illustrated in Fig. 3 . Mineral oil is electrically heated and passed to the jacket and coil of a stirred tank, where steam is generated. 
Methodology and experimental observations
The identification of the flooding point is made experimentally as follows: a fixed stream of steam/air of constant composition is supplied to the condenser until steady-state is reached. The vapour mass flow is measured by direct collection of the condensate from both condensers. The condensate flow is increased by increasing the cooling duty on the test section by fixed intervals, recording at each time a steady-state operational point. When after an increase on the cooling duty the system is unable to attain steady-state, it is considered that the flooding onset has been reached.
It is interesting to note that for this experimental arrangement, flooding conditions are set by a selfpromoting loop. Similar findings were reported in [17] for methanol/air mixtures. After an increase in the condensing duty, if the operational conditions are close enough to the flooding point, a subtle but constant increase on the boiler pressure can be observed (see Fig. 4 ). This causes an augmentation of the saturation temperature and thus the latent heat of vaporisation decreases, which in turn allows more steam production at the same heating load. Hence, the pressure of the tank increases even further. This loop establishes a dynamic state that leads to flooding, as observed by a sudden increase of the pressure drop across the condenser (see Fig. 4 ). As flooding develops, the pressure drop reaches a ceiling and will not leave it even when the vapour velocity is decreased or the coolant duty is increased. This supports observations by Hewitt [2] of different flooding velocities for increasing and decreasing vapour flow. The fall in pressure drop at the end of Fig. 4 was achieved by increasing abruptly the vapour velocity.
The self-promoting loop described above is also responsible of the cyclic nature of flooding at high vapour velocities that can be seen in Fig. 5 . Once the flooding onset is reached the pressure drop increases and reaches a maximum. As the vapour velocity is high the climbing film forms and is immediately flushed from the top of the tube. This is reflected by a sudden fall in the pressure drop and the wall temperatures approaching the vapour temperature (see Fig. 5 and Fig. 6 ). It can be seen from the temperature profiles in Fig. 6 that the film is simultaneously regenerated at all heights of the test section (note that in the chosen run the upper half of the condenser, WALL4 to WALL6, is not being used) and the wall temperature decreases slowly until the next condensate flush occurs and hot vapour reaches the upper height again. It can also be inferred from the parallel profiles of the coolant temperatures in Fig. 6 that the coolant duty remains fairly constant throughout the flooding cycle. Table 1 showing at values of the dimensionless vapour velocity of 0.4 and increases for higher velocities.
Results and discussion
Conclusions
A unique set of flooding data in vertical condensation is reported and the following observations arise:
1. For flooding in vertical condensation it is better to use a plot of the condensation ratio against the flooding velocity rather than the traditional flooding diagram. This is especially true for low duty condensers, such as the ones normally used for the research of reflux/vent condensation.
Furthermore, to compare experimental data to existing correlations, a plot of experimental vs.
predicted flooding velocity helps to avoid the effect of temperature and flow variations, present in condensation experiments.
2. For condensing ratios of 0.6 or above, the flooding velocity is only a function of the physical properties of both liquid and vapour phases, and the geometry of the system, that is, there is no liquid flow dependency.
3. In closed-loop systems such as the experimental apparatus used for this research, flooding occurs under a self-promoting mechanism.
4. Flooding starts being promoted from the heat source of the system and if the operation conditions are not maintained for a sufficient time, the flooding point can be easily mistaken by instabilities on the experimental system. This can lead to overestimations of the flooding velocity.
5. Special care must be taken when choosing a correlation for predicting flooding velocities. It is recommended that for a given application, experimental data are gathered and fitted to Eq. (3).
Fitting by Eq. (14) may improve the accuracy of the prediction. 
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